Candida albicans is an opportunistic fungal pathogen, causing significant morbidity as well as life-threatening systemic disease in immunocompromised individuals. C. albicans cells can exist in a range of morphological states and possess the ability to radically alter their growth pattern from budded to hyphal growth in the presence of inducing signals, such as serum, N-acetylglucosamine, or numerous different formulations of laboratory media that induce a starvation response (5, 12) . The starvation response appears to be physiologically relevant, since a starvation response can be induced in C. albicans cells when they are incubated in the presence of neutrophils (43) . The ability to switch between the two distinct morphological states is an aspect of C. albicans biology that is strongly correlated to virulence, and mutants that are unable to make the transition are avirulent in a mouse model of disseminated candidiasis (9, 18, 24-26, 29, 39, 47, 57) . The timing of hyphal production in the infection process is also crucial (45) , and both budded and hyphal cells are seen in infected tissues, emphasizing the importance of this dynamic switch between morphological forms in the infection process.
Expression of virulence determinants, such as adhesins (Hwp1p), cell wall proteins (Ece1p), secreted aspartyl proteases (Sap6p), and phospholipases (Plb1p), is up-regulated in the presence of hypha-inducing signals (4, 23, 48) . Several transcriptional activators and repressors regulate this transcriptional induction. Efg1p and Cph1p are the primary tran-scriptional activators, since strains with both of these genes deleted are unable to form hyphae and are avirulent in mice (29) . Additionally, gene array analyses suggest that Efg1p and Cph1p together are responsible for inducing transcription of many of the described virulence factors in C. albicans (4, 23, 48) . Recent studies suggest that the Tup1p transcriptional repressor may act in concert with other repressor proteins, such as Mig1p, Nrg1p, and Rfg1p, to negatively regulate transcription of genes involved in the budded-to-hyphal-form transition (11, 34) . Altogether, these data suggest there are several overlapping signaling cascades that regulate the expression of hypha-specific genes in C. albicans.
Cdc42p is a Rho-type GTPase responsible for establishing and maintaining polarized growth in many, if not all, eukaryotic cell types (21) . Rho-type GTPases act as molecular switches that are inactive when GDP bound and active when GTP bound, thereby enabling them to interact with downstream effector proteins. Three domains within Cdc42p, comprised of residues 5 to 20, 53 to 62, and 115 to 118, are primarily responsible for GTP binding and hydrolysis (53) . Other defined regions of Cdc42p include the Rho insert domain (residues 122 to 135) and the effector domain (residues 26 to 50), both of which have been implicated in the interactions with various downstream effectors (31, 54, 55) . Effector domain mutations, which have differential effects on interactions with subsets of effector proteins (40, 41) , have been used to separate different Cdc42p-dependent signaling pathways in Saccharomyces cerevisiae, indicating that the myriad of Cdc42p functions can be mutationally separated.
Cdc42p has recently been shown to be necessary for the establishment and maintenance of polarized growth in C. albicans (52) . Additionally, regulation of the nucleotide-bound state of Cdc42p is imperative for proper budded and hyphal cell formation. Consistent with the differences in growth patterns between budded and hyphal cells, green fluorescent protein (GFP)-tagged Cdc42p has differential localization to sites of polarized growth in these cell types (16) . Hyphal cells continuously localize GFP-Cdc42p to the growing apical tip, whereas budded cells localize GFP-Cdc42p to growing bud tips, where the GFP-Cdc42p signal diminishes as the bud enlarges, until GFP-Cdc42p reappears at the mother-bud neck before cytokinesis. GFP-Cdc42p localization correlates temporally and spatially to actin polarization at these sites. A recent study in which Cdc42p was expressed under the control of the MET3 repressible promoter suggested that Cdc42p, probably because of the reduced levels of expressed protein, was important for C. albicans virulence (2) . None of the experiments to date, however, has specifically examined the function of Cdc42p in the budded-to-hyphal-form transition without altering the mitotic functions of the protein, which are necessary for cell viability and growth. Therefore, we took advantage of S. cerevisiae cdc42 mutants that had defects in pseudohyphal formation while retaining the normal mitotic functions of Cdc42p in budded cells (33) . The cdc42-S26I, cdc42-E100G, and cdc42-S158T mutations lay outside of the Cdc42p domains involved in interactions with effectors or in GTP binding and hydrolysis (see Fig. 1A ). These mutations in C. albicans resulted in serious defects in hyphal formation on a variety of hypha-inducing media but did not have noticeable defects in nuclear division, chitin deposition, septin structures, or actin polarity under budded growth conditions, suggesting that the normal mitotic roles of Cdc42p had been preserved. The cdc42-S26I and cdc42-E100G mutants had a reduced ability to damage human endothelial cells (ECs), supporting the notion that Cdc42p-dependent regulation of the budded-tohyphal-form transition was important in the infection process. Additionally, several Efg1p-dependent, hypha-specific transcripts had lower expression levels in the cdc42-S26I, cdc42-E100G, and cdc42-S158T mutants, suggesting that the Cdc42p signaling cascade unexpectedly affected Efg1p transcription factor activity. However, the levels of a Cph1p-dependent transcript remained unchanged, suggesting that the cdc42 mutants did not affect the recognized Cdc42p-dependent signaling pathway leading to activation of Cph1p.
MATERIALS AND METHODS
Media and growth conditions. The C. albicans strains used are listed in Table  1 . All cells used for microscopic observations, protein preparation, or mRNA analysis were taken from saturated overnight cultures inoculated into fresh medium, usually minimal medium (0.8% yeast nitrogen base plus 2% dextrose) or YEPD (1% yeast extract, 2% peptone, and 2% dextrose). Routine hypha induction utilized 10% fetal bovine serum (FBS; Gibco-BRL, Grand Isle, N.Y.) in minimal medium unless otherwise indicated. Other hypha-inducing media, including medium 199 buffered with sodium bicarbonate (Sigma Chemical, St. Louis, Mo.), Lee's (27) , Spider (28) , and N-acetylglucosamine in salt base (47) were prepared as described elsewhere. For GAP1 induction, peptone and K 2 HPO 4 -based medium was used with the addition of 0.5% glucose in GPK medium and N-acetyl-D-glucosamine in NPK medium (3) . To test strains for growth under embedded conditions, ϳ50 cells were added to YPS (1% yeast extract, 2% peptone, 2% sucrose) plus 1% agar and grown at 25°C for ϳ5 days, as previously described (6) .
Generation of mutant strains. A 3.77-kb fragment containing the CaCDC42 gene and ϳ1.5-kb 5Ј and ϳ1.7-kb 3Ј sequences were amplified from the BWP17 genome and cloned into the pGEM-T Easy vector (Promega, Madison, Wis.). A PvuII fragment of the URA3 gene (from pGEM-URA3) was inserted 691 nucleotides downstream from the CDC42 stop codon using a SmaI site engineered with the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, Calif.). The S26I, S71P, E100G, and S158T mutations were introduced into CDC42 by site-directed mutagenesis using primers 605 and 606, 601 and 602, 607 and 608, and 638 and 639, respectively ( (22) . Resulting transformants were screened by PCR using the following strategy. Primary screening utilized primers 616 and 641 ( Table 2) to screen for strains containing URA3 at the CDC42 locus. Secondary screening utilizing primers 499 and 646 generated a product if the Salmonella hisG region present in the cdc42⌬ allele was at the CDC42 locus. Isolates that contained both the cdc42⌬ allele and mutant cdc42 at the correct locus then had the region just outside of the CDC42 open reading frame amplified using primers 465 and 466; this fragment was sequenced to screen for isolates solely containing a mutant copy of cdc42. For strains used in EC invasion assays, URA3 was disrupted at the cdc42 locus and reintroduced at the ARG4 locus in order to ensure an adequate level of URA3 expression. Plasmid pGEM-URA3 (56) had an EcoRI site added by site-directed mutagenesis 487 nucleotides downstream of the only other EcoRI site. The EcoRI fragment was removed; the vector was religated to generate a disrupted ura3⌬ allele on the pGEM-ura3⌬ plasmid. A PvuII fragment from the pGEM-ura3⌬ plasmid was transformed into AV05, AV06, and CaDH50 strains, and transformants were selected on 5-fluoroorotic acid-containing plates. Resulting ura3⌬ strains were transformed with NotI-linearized pRS-ARG-URA-BN plasmid (10) to generate strains AV08, AV09, and AV15, which have URA3 reintroduced at the ARG4 locus.
Immunofluorescence microscopy. To observe chitin localization and DNA content, cells were fixed for 30 min in 4% formaldehyde, Calcofluor White (1 mg/ml) was added at a dilution of 1/1,000, and 4Ј,6-diamidino-2-phenyl-indole (DAPI; 1 mg/ml) was added at a 1/3,000 dilution. Septins were stained by the method of Sudbery (49) using an anti-Cdc11p antibody (Santa Cruz Biotechnology, Santa Cruz, Calif.) and an Alexa-488-conjugated secondary antibody (Molecular Probes, Eugene, Oreg.). Actin staining with rhodamine phalloidin (Molecular Probes) diluted 1/250 to 1/500 was performed using a protocol for stationary-phase yeast cells (38) , modified with the addition of a 0.1% Triton X-100 soak for 15 min after zymolyase treatment. Phase-contrast optics and Omega filter cubes (Omega Optical, Brattleboro, Vt.) were used to visualize cells on a Nikon E400 fluorescence microscope, using filters XF106 for DAPI and Calcofluor White, XF100 for Alexa-488, and XF102 for rhodamine phalloidin. Digital images were obtained using a SPOT RT monochrome camera driven by SPOT version 3.5.8. Pictures were processed using Adobe Photoshop 7.0. Photomicrographs of wild-type and cdc42-E100G cells were taken at the same magnification and measured to determine the lengths of the long and short cellular axes.
Immunoblotting. Cells were grown from saturated overnight cultures, inoculated into fresh YEPD with or without 10% FBS, and grown for 4 h. Protein preparation and immunoblot assays were done as previously described, with affinity-purified polyclonal anti-Cdc42p antibody used to detect Cdc42p (58) . The blot was also probed with goat anti-yeast actin antibody (1:3,000 dilution) as a loading control with horseradish peroxidase-conjugated rabbit anti-goat secondary antibody (1:2,000 dilution). Densitometric analysis using NIH Image version 1.63 normalized Cdc42p levels to actin levels in each sample.
Endothelial cell invasion assay. The assay was performed as described previously (37), using human umbilical vein ECs incubated for 3 h in the presence of 5 ϫ 10 5 of C. albicans cells/ml. Endothelial cells were obtained following appropriate guidelines approved by the Institutional Review Board. Results shown were normalized for spontaneous 51 Cr release and are the average of two independent experiments performed in triplicate.
Northern analysis. RNA extractions were performed as previously described (8) using a hot acid phenol method. The DIG High Prime labeling kit (Roche, Indianapolis, Ind.) using digoxigenin (DIG)-labeled PCR probes was used to detect mRNA, following the manufacturer's instructions. In order to control for variance in RNA loading, densitometry was performed as above. The ratios of ECE1, HWP1, SAP6, and GAP1 densitometric values to the actin value were used to compare the fold change between samples. Densitometric ratios presented are representative of results from two experiments.
RESULTS

Mutant Cdc42-S26Ip, Cdc42-S71Pp, Cdc42-E100Gp, and
Cdc42-S158Tp could function as the sole copy of Cdc42p in the cell. A heterozygous CDC42/cdc42⌬ disruption strain, CaDH85 (Table 1) , was transformed with the cdc42-S26I, cdc42-E100G, cdc42-S71P, and cdc42-S158T mutant alleles and marked by URA3, and transformants that contained both mutant cdc42 and the cdc42⌬ allele were isolated (see Materials and Meth-ods). These four cdc42 mutations ( Fig. 1A) had the most striking defects in pseudohypha formation in S. cerevisiae. The C. albicans cdc42-S26I, cdc42-E100G, cdc42-S71P, and cdc42-S158T mutants were viable at 30°C under budded growth conditions, suggesting that these mutant alleles did not disrupt the normal mitotic functions of Cdc42p (see below). The CDC42/cdc42⌬ starting strain was also transformed with a wild-type CDC42 allele; the resulting CDC42::URA3/cdc42⌬ strain was indistinguishable from the starting CDC42/cdc42⌬ strain CaDH85 in morphology and growth characteristics (data not shown), indicating that integration of a URA3-marked allele at the CDC42 endogenous locus does not adversely affect these properties.
The cdc42 mutants displayed defects in the budded-to-hyphal-form transition on various hypha-inducing media. Although the cdc42-S26I, cdc42-E100G, cdc42-S71P, and cdc42-S158T mutants were viable on budded growth media, all four mutants had smooth colony borders when grown on hyphainducing Spider medium ( Fig. 1B) , indicating that they were impaired in the budded-to-hyphal-form transition and/or hyphal growth. The cdc42-S71P mutant had an unusual crinkly colony morphology, reminiscent of other C. albicans mutants that had a mixture of yeast and pseudohyphal cells (1, 47) . On Lee's medium, the cdc42-S26I, cdc42-E100G, and cdc42-S158T mutants likewise had smooth colony borders (data not shown). However, growth on minimal media plus 10% FBS stimulated hypha formation in the cdc42-S71P mutant but not in the cdc42-S26I, cdc42-E100G, and cdc42-S158T mutants (data not shown). These results suggested that the cdc42-S26I, cdc42-E100G, and cdc42-S158T mutants had defects in the buddedto-hyphal-form transition in response to several hypha-inducing signals and may have a general hypha formation defect, whereas the cdc42-S71P mutant only had a defect on Spider plates, a weak inducer of hypha formation (this mutant was not examined further).
The cdc42 mutants displayed budded and pseudohyphal morphologies on hypha-inducing media. The cdc42-S26I, cdc42-E100G, and cdc42-S158T mutants caused dramatic defects in hypha formation in liquid minimal medium supplemented with 10% FBS, a strong inducer of hyphal formation (Fig. 1C ). The CDC42/cdc42⌬ parental CaDH50 strain had 86% hyphal cells after 4 h of incubation, with only 12% budded cells ( Table 3 ). The cdc42-S158T mutant had 17% hyphal cells, cdc42-E100G had 2% hyphal cells, and cdc42-S26I had 3% hyphal cells, illustrating a drastic reduction of hypha formation in 10% FBS for each of these mutants. A small proportion of cells (Ͻ8% in cdc42-E100G, Ͻ4% in cdc42-S158T, and Ͻ2% in cdc42-S26I) had an abnormal cell shape with predominantly peanut-, pear-, or L-shaped cells, which may contribute to the slightly slower growth rates observed for these strains (see below). Similar results were observed after 2 h of growth in 10% FBS, and defects in hyphal cell formation were observed out to 8 h of growth (data not shown), indicating that the cdc42 mutations were not merely causing a delay but also a true defect in the budded-to-hyphal-form transition. These data do not rule out the possibility that these mutants may also have an effect on subsequent hyphal elongation processes.
Hypha formation was similarly impeded in liquid Spider medium (Table 3 ). CaDH50 cells formed 46% hyphal cells, but none of the mutants formed hyphal cells, with the majority of cells growing as budded cells. Similar reductions in hypha for-mation were also observed in the presence of other hyphainducing signals, including medium 199 and N-acetyl-D-glucosamine in salt base (data not shown). These results suggested that Cdc42p-dependent signaling was responsive to a variety of hypha-inducing signals in solid and liquid media.
The cdc42 mutants maintained normal mitotic functions. S. cerevisiae Cdc42p functions in many cellular processes, including initiation and maintenance of polarized growth, switching from apical to isotropic growth in G 2 /M phase, cytokinesis, and septation (21) . It was therefore necessary to ensure that these on February 23, 2013 by PENN STATE UNIV http://ec.asm.org/ mitotic cellular processes were not perturbed in C. albicans mutants grown under budding conditions. Additionally, observations were made at both 30 and 37°C to ensure that these cdc42 mutations were not conferring a temperature-sensitive phenotype under any of the conditions tested. Strains were grown in minimal medium instead of YEPD to reduce the amount of pseudohyphal cells that would be present in cultures after 4 h of growth. DAPI staining for DNA content and Calcofluor White staining of the chitin cell wall were performed on fixed cells. The cdc42 mutants had normal DNA content, with normally partitioned nuclei visible ( Fig. 2A) , indicating that cellular division was occurring normally in each of the mutants. Cell wall staining revealed normal chitin deposition ( Fig. 2A ) and a normal pattern of bud site selection (17) . The CDC42/cdc42⌬ strain had 55% of cells with a bipolar budding pattern, 22% with an axial pattern, and 3% with a random pattern. In comparison, the cdc42-E100G mutant had 59% bipolar, 33% axial, and 9% random buds. Overall, the percentage of axial to bipolar budding varied no more than 18%. The percentage of random buds in each of the mutants was no higher than the 9% observed in the cdc42-E100G mutant. Together, these results indicated that nuclear division, cell wall deposition, and bud site selection occurred normally during budding growth in the cdc42-S26I, cdc42-E100G, and cdc42-S158T mutants.
As septin proteins are important for the structural integrity of the mother-bud junction and have been proposed to interact with Cdc42p (30), localization of one of the septin proteins was carried out by immunofluorescent antibody staining. Immunofluorescent antibody staining using antibodies specific for the Cdc11p septin protein demonstrated normal septin localization in the cdc42-S26I, cdc42-E100G, and cdc42-S158T mutants, with discrete spots of fluorescence visible at incipient bud sites and single and double septin bands visible at motherbud necks (Fig. 2B) . These data suggested that the septin structures were assembled properly during budding growth.
In addition, the cdc42-S26I and cdc42-S158T mutants had no observable differences in the amount of polarized actin patches or cables at either 30 or 37°C, as assayed by rhodamine phalloidin staining (Fig. 2C) . The cdc42-E100G mutant, however, reproducibly had decreased numbers of cells with polarized cortical actin patches and cables and had decreased levels of polarized actin patches with very few actin cables visible at 37°C (Table 4 ). These results suggested that the cdc42-E100G mutant had a mild defect in actin polarity at 37°C.
Mutants with defects in vacuolar morphogenesis also have demonstrated defects in hypha formation (7, 36) . Therefore, mutant cells were stained with FM4-64, a lipophilic dye that labels membranes and can be used as a pulse-chase reagent to observe the internalization of endocytic vesicles. Observations of each of the mutants were made at 30 min and 1 h, and no appreciable differences in FM4-64 staining were detectable between Sc5314, CaDH50, and any of the mutants (data not shown). This result suggested that the mutants did not have defects in endocytosis or vacuolar morphogenesis.
Strains containing mutant Cdc42p were also characterized under hypha-inducing conditions for structural and polarity defects. Several possible mechanisms could be responsible for the defect in the budded-to-hyphal-form transition seen in the mutants, including defects in polarized growth, cellular division, or cytokinesis. The cdc42-S26I, cdc42-E100G, and cdc42-S158T mutants were grown in minimal medium plus 10% FBS, fixed, and stained with DAPI and Calcofluor (Fig. 3A) . Each mutant had bud scar patterns similar to those of budded cells and normal chitin deposition. Occasionally, a cell was observed that had a thick band of chitin in the middle of a pseudohyphal cell, but this was observed in less than 1% of cells. DAPI staining showed normal DNA content, with one nucleus per Calcofluor-stained cell body. These results indicated that cellular division and chitin deposition occurred normally during growth in the presence of hypha-inducing signals. Normal septin staining was observed in all mutants (Fig. 3B) , with less than 1% of cells having a wide band of septin staining, suggesting that improper septin organization was not the cause of the defect in hypha formation in the cdc42-S26I, cdc42-E100G, and cdc42-S158T mutants.
The cdc42-S26I and cdc42-S158T mutants grown in minimal medium plus 10% FBS appeared to have properly polarized actin patches and cables at bud and pseudohypha tips (Fig.  3C ). However, quantification of the percentage of cells showing no polarized actin patches in serum-induced cells grown at 37°C was 7% in CDC42/cdc42⌬ cells, 31% in cdc42-S26I cells, and 47% in cdc42-S158T cells ( Table 4 ), suggesting that the cdc42-S26I and cdc42-S158T mutants had a mild defect in polarizing actin when grown in the presence of serum. The cdc42-E100G mutant had 67% of cells with no polarized actin patches at 30°C (Table 4) , and this phenotype was exacerbated at 37°C, with 82% of cdc42-E100G mutant cells having no polarized actin patches either with or without the addition of 10% FBS. These results suggested that the cdc42-E100G mutant had a mild defect in polarizing actin at 30°C which was exacerbated at 37°C, and this defect was independent of hyphainducing signals. It is interesting that the cdc42-E100G mutant had virtually no actin cables visible under any of the conditions tested.
These actin observations in the cdc42-E100G mutant corre- a Cells were counted for the proportion of buds versus hyphae using DAPI to stain DNA and Calcofluor White to stain the cell wall, in order to ensure that counts reflected the true number of individual cells and that pseudohyphal constrictions would be accentuated by the Calcofluor stain. After 4 h of growth, categories of cells counted were as follows; hyphae were long, filamentous cells with parallel sides and no constrictions visible between cells; pseudohyphae were at least twice the length of a budded cell, with constrictions visible at the cell junctions, or were long filamentous cells with nonparallel sides. In all categories, only nucleated cells (n ϭ 200) were counted. b Sc5314 is a clinical isolate, while CaDH50 is the parental laboratory strain. Both are CDC42/CDC42. To examine this increase in more detail, the budding indices of cdc42-E100G and CaDH50 cells grown to mid-log phase were determined in both minimal medium and in YEPD. The percentage of unbudded to budded cells varied by only 1% between the CaDH50 parental strain and cdc42-E100G in either growth medium. However, repeated observations indicated that cdc42-E100G cells were enlarged compared to CaDH50 cells, with the average short and long axes of cdc42-E100G cells being 28 and 21% longer, respectively, than CaDH50 cells. This observation could potentially correlate to an actin cable defect seen in the cdc42-E100G mutants. Defects in hyphal formation were not due to decreased levels of Cdc42p. Immunoblot analysis was performed on total protein extracts of cells grown under hypha-inducing conditions (YEPD plus 10% FBS at 37°C) to address the question of whether mutant Cdc42p was being expressed at levels similar to wild type. Densitometric analysis that normalized Cdc42p levels to actin protein levels indicated that Cdc42-S26Ip levels were 129% of wild-type levels, Cdc42-E100Gp levels were 234% of wild-type levels, and Cdc42-S158Tp levels were 99% of wild-type levels. This analysis demonstrated that there was no significant reduction in the levels of mutant Cdc42p compared to wild-type Cdc42p. The reason for elevated levels of Cdc42-E100Gp is unknown.
The cdc42-S26I and cdc42-E100G mutants caused a decreased level of EC damage. The cdc42 mutants showed a slight increase (20 to 30%) in their doubling times compared to CaDH50, which precluded the use of these mutants in a meaningful analysis of virulence in a mouse model of disseminated candidiasis. Therefore, an EC invasion assay was performed. The EC invasion assay is an excellent predictor of virulence, as strains with a reduction in EC invasion also have reduced virulence in a mouse model of disseminated candidiasis (19, 20) . The assay measures the combined effects of induced phagocytosis, hyphal penetration and damage, and the release of cellular damaging agents such as phospholipases and secreted aspartyl proteases. The cdc42-S26I and cdc42-E100G mutants, which had URA3 integrated at the ARG4 locus to eliminate the positional effects sometimes seen with the URA3 marker (50), were tested for their ability to cause EC damage in an in vitro model system using primary cultured human EC.
Briefly, cdc42-S26I, cdc42-E100G, and wild-type C. albicans cells were incubated with 51 Cr-labeled ECs, where after 3 h the amount of 51 Cr released into the supernatant was measured, reflecting the amount of EC damage that had occurred. The cdc42-E100G and cdc42-S26I mutants showed a statistically FIG. 3. Cdc42p mutants grown in the presence of 10% FBS did not have major defects in cell wall composition, cell division, septin localization, or actin polarity. Strains AV05 (cdc42-S158T), AV03 (cdc42-E100G), AV06 (cdc42-S26I), and CaDH50 were grown in minimal medium plus 10% FBS for 4 h at 37°C and stained as described in the legend for Fig. 2. Bar, 10 m. The scale bar applies to all three images in the bottom panel.
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VANDENBERG ET AL. EUKARYOT. CELL significant decrease in EC damage, dropping from 35% in the AV15 positive control to 22 and 28%, respectively, in the mutants (Fig. 4) . These results demonstrated that the cdc42-S26I and cdc42-E100G mutants caused reduced damage in an EC model for invasion. The cdc42-S26I, cdc42-E100G, and cdc42-S158T mutants had decreased expression of hypha-induced, Efg1p-regulated mRNA transcripts. C. albicans Cdc42p has been proposed to signal through the putative effector protein Cst20p to the Cst11p-Hst7p-Cek1p mitogen-activated protein kinase cascade, culminating in the activation of the Cph1p transcription factor (9) . The GAP1 gene is solely dependent upon Cph1p for its induction (3), while expression of other virulence determinants, such as SAP6 (14, 23) , the putative cell wall protein ECE1 (4, 46) , and HWP1 (4, 46, 48) , depends upon Efg1p. Northern analysis was performed on total RNA prepared from the parental CDC42/cdc42⌬ strain and each of the mutants grown in 10% FBS, with a budded control grown in YEPD. The budded control had no detectable expression of the HWP1, ECE1, or SAP6 hypha-specific genes, whereas the CDC42/cdc42⌬ serum-induced cells showed strong expression of all three genes (Fig. 5 ). Densitometric analysis confirmed that there was a reduction in ECE1 expression of approximately twofold for the cdc42-S158T mutant and threefold for the cdc42-S26I mutant, with ECE1 expression being all but eliminated in the cdc42-E100G mutant compared to wild type (Fig. 5A ). Expression of HWP1 was reduced sixfold in the cdc42-E100G mutant (Fig. 5A ). SAP6 expression was dramatically reduced in each of the three mutants ( Fig. 5B) , with the cdc42-S26I mutant having a greater-than-twofold reduction in SAP6 expression, and expression was all but eliminated in the cdc42-S158T and cdc42-E100G mutants. These data supported the conclusion that HWP1, ECE1, and SAP6 mRNA levels were decreased in the cdc42 mutants. This result was surprising in light of the fact that Cdc42p was not known to signal through FIG. 4 . cdc42-S26I and cdc42-E100G mutants had a reduced ability to cause EC damage. Strains CAI-12, AV15 (CDC42/cdc42), AV08 (cdc42-S26I), and AV09 (cdc42-E100G) were incubated for 3 h with human ECs. The percentage of EC damage was measured with a chromium release assay. Results are the averages Ϯ standard deviations of triplicate measurements. Asterisks indicate a P value of Ͻ0.005 compared to that for cells infected with CAI-12, as determined by the Wilcoxon rank sum test. It should be noted that the activity of an Efg1p-dependent promoter fused to a heterologous reporter gene was not assayed in these mutants. GAP1 expression was unaltered relative to the actin loading control in the cdc42 mutants (Fig. 5C ). This result suggested that the signaling pathway leading to Cph1p activation was intact in these cdc42 mutants. To further address this point, the ability of cdc42 mutants to undergo filamentation was examined under embedded conditions in which Cph1p, but not Efg1p, is required (6, 42) . The CDC42/cdc42⌬ starting strain and all four cdc42 mutants could produce filaments under embedded conditions (data not shown), indicating that the Cph1p signaling pathway was functional in the cdc42 mutants. Under the growth conditions used to assay GAP1 expression, there was no expression of Efg1p-dependent genes (i.e., similar to budded conditions for Efg1p-dependent transcription).
DISCUSSION
Recent studies have implicated the C. albicans Cdc42p GTPase in the morphological transition from budded to hyphal growth. In this study, the Cdc42-S26Ip, Cdc42-E100Gp, and Cdc42-S158Tp mutant proteins preserved their normal mitotic functions while exhibiting a specific defect in forming hyphae, even in a potent inducer of hyphal cells, 10% FBS. The defect in the budded-to-hyphal-form transition was apparent in numerous different hypha-inducing media, suggesting that Cdc42p is a convergence point for the regulation of a variety of upstream signals that induce hyphal growth. Not only were cells containing these mutant Cdc42p morphologically normal, but also septin proteins and actin polarity were normal in budded cells grown at 30°C. Since Cdc42p is responsible for modulating rearrangements of the actin cytoskeleton in numerous cell types, it is not surprising that Cdc42p was required to specifically regulate the proper formation of hyphal cells.
A recent study indicated that when CDC42 was expressed under the control of the MET promoter (repressed by methionine and cysteine), cells could not initiate hyphal agar invasion on certain types of media (2) . This result suggested that the MET promoter allowed adequate expression of the Cdc42p to allow growth but not agar invasion on the type of hyphainducing medium used. Similarly, in a mouse model of systemic candidiasis, cells containing Cdc42p expressed from the MET FIG. 6. Potential Cdc42p-dependent signaling pathways regulating hyphal growth and hypha-specific gene expression. All known Cdc42p effector proteins identified through the C. albicans sequencing project are shown in the model. See text for details.
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VANDENBERG ET AL. EUKARYOT. CELL promoter were avirulent under repressing conditions. A caveat in interpreting these results is that the growth rate of these strains and the levels of Cdc42p were not reported, so it is unknown what contribution the level of Cdc42p expression had on the avirulence of the strains. Altering the levels of Cdc42p has been shown to ameliorate or eliminate a growth defect or even lethality in S. cerevisiae (32) . Therefore, it was with the aim of maintaining the endogenous regulation of Cdc42p while specifically affecting the role of Cdc42p in the budded-to-hyphal-form transition that these specific mutant cdc42 strains were generated. The reduction in the number of actin cables observed in the cdc42-E100G mutant was not a lethal defect, since strains do grow at 37°C in various liquid media and form colonies when plated on 10% FBS-containing solid medium (data not shown). In S. cerevisiae, Cdc42-E100Gp has lost its ability to interact with the known Cdc42p effector Bni1p in a two-hybrid assay (33) . Bni1p is an actin scaffold protein recently demonstrated to be necessary for the proper orientation of actin cables from the mother into the growing tip of daughter cells, where the actin cables serve as a track for the delivery of secretory vesicles (13, 35, 44) . It is possible that the actin cable defect seen with the cdc42-E100G mutant and the increase in cell size are reflective of the loss of Cdc42p-Bni1p interactions.
An EC invasion assay demonstrated a decrease in the amount of EC damage caused by the cdc42-S26I and cdc42-E100G mutants compared to wild-type strains. This result suggested that the Cdc42p-mediated role in promoting the budded-tohyphal-form transition is important in a more physiologically relevant setting than what can be produced using laboratory media. A cla4⌬/cla4⌬ strain had a similar decrease in the amount of EC damage as the cdc42-E100G mutant and, concomitantly, had reduced virulence in a mouse model of disseminated candidiasis (26, 37) . These data support a model in which a hypha-specific effector function(s) of Cdc42p may have been disrupted in the mutants.
Recent gene array studies suggested that C. albicans cells that are grown under hypha-inducing conditions up-regulate a set of hypha-specific transcripts, including some demonstrated virulence factors. Northern blotting results showed a reduction in expression of ECE1, HWP1, and SAP6 in the cdc42 mutants, indicating that Cdc42p has an important role in regulating the expression of hypha-specific genes. This result also suggested that Cdc42p had an additional signaling function that impinges upon the Efg1p transcription factor (Fig. 6 ), since ECE1, HWP1 and SAP6 are under the control of Efg1p. Previous studies have suggested that Cdc42p-depleted strains (where CDC42 is under control of a repressible promoter) are still able to express HWP1 and ECE1 when grown in the presence of 10% FBS (52) . These studies did not utilize mutations that separated the mitotic functions of Cdc42p away from the protein's role in the budded-to-hyphal-form transition and may have had a reduction, but not a complete elimination, of Efg1p-dependent transcription under these conditions. C. albicans Cdc42p has been proposed to signal through Cst20p to the Cst11p-Hst7p-Cek1p mitogen-activated protein kinase cascade, leading to the activation of the Cph1p transcription factor (9, 52) . It was recently shown that the expression of GAP1 is solely dependent upon Cph1p for its expression. However, the levels of GAP1 transcript were not altered in the cdc42 mutants, suggesting that the signaling pathway leading to Cph1p activation was still intact (Fig. 6 ). This is not entirely surprising, as Cst20p is predicted to interact with a portion of the Cdc42p effector domain that is not altered in the cdc42-S26I, cdc42-E100G, and cdc42-S158T mutants. Taken together, these data raise the interesting and unsuspected possibility that Cdc42-S26Ip, Cdc42-E100Gp, and Cdc42-S158Tp have lost an interaction with a specific downstream effector that impinges upon the Efg1p-dependent pathway but not the Cph1p-dependent pathway. In this sense, these mutations would be analogous to S. cerevisiae Cdc42p effector domain mutations that have differential effects on interactions with subsets of effector proteins (40, 41) .
In conclusion, these studies have provided evidence that Cdc42p has a pivotal role in promoting the budded-to-hyphalform transition, which can be mutationally separated from its role in mitotic growth, and that Cdc42p-dependent signaling pathways function in C. albicans virulence as well as induction of hypha-specific gene expression ( Fig. 6 ). At this point, it is unknown whether the hyphal defects observed in the cdc42 mutants were due to altered transcription of hypha-specific genes, altered actin function, or both. Future studies will explore the regulation of Cdc42p-dependent signaling pathways in C. albicans virulence as well as differential interactions between Cdc42p and various C. albicans effector proteins in both budded and hyphal cells.
